Independent studies report that periconceptional folic acid (FA) may decrease the risk of autism spectrum disorder (ASD) while exposure to air pollution may increase ASD risk. We examined the joint effects of gestational FA and air pollution exposures in association with ASD. We studied 346 ASD cases and 260 typically developing controls from the CHARGE case-control study. Self-reported FA intake for each month of pregnancy was quantified. Estimates of exposure to near roadway air pollution (NRP) and criteria air pollutant measures were assigned based on maternal residential history. Among mothers with high FA intake (>800 lg) in the first pregnancy month, exposure to increasing levels of all air pollutants, except ozone, during the first trimester was associated with decreased ASD risk, while increased ASD risk was observed for the same pollutant among mothers with low FA intake (800 lg). This difference was statistically significant for NO 2 (e.g., NO 2 and low FA intake: OR 5 1.53 (0.91, 2.56) vs NO 2 and high FA intake: OR 5 0.74 (0.46, 1.19), P-interaction 5 0.04). Mothers exposed to higher levels ( median) of any air pollutant during the first trimester of pregnancy and who reported low FA intake were at a higher ASD risk compared to mothers exposed to lower levels of that air pollutant and who reported high first month FA intake. Joint effects showed significant (alpha < 0.10) departures from expected interaction for NRP and NO 2 . Our results suggest that periconceptional FA intake may reduce ASD risk in those with high prenatal air pollution exposure. Further study is needed to replicate these findings in larger sample sizes and to understand mechanisms of this potential relationship.. Autism Res 2017, 0: 000-000. V C 2017 International Society for Autism Research, Wiley Periodicals, Inc.
Introduction
Autism spectrum disorders (ASD) are neurodevelopmental disorders characterized by difficulties in social interaction, verbal and nonverbal communication, and repetitive behaviors, affecting an estimated 1 in 68 children (1 in 42 boys) in the United States [Centers for Disease Control and Prevention (CDC), 2014; Christensen et al., 2016] . Evidence supports large heritable contributions to the etiology of ASD, and most studies suggest that both environmental and genetic factors play a role [Bailey et al., 1995; Ritvo, Freeman, Mason-Brothers, Mo, & Ritvo, 1985] .
In recent years, pre-and perinatal air pollution exposure has been found to be associated with an increased risk of ASD among studies from the United States [Becerra, Wilhelm, Olsen, Cockburn, & Ritz, 2013; Ehrenstein, Aralis, Cockburn, & Ritz, 2014; Kalkbrenner et al., 2010 Kalkbrenner et al., , 2015 Raz et al., 2014; Roberts et al., 2013; Talbott, Marshall, et al., freeway, or assignment of diesel exhaust particle concentration via the Hazardous Air Pollutant monitoring network, have shown an increased risk with increasing exposure [Roberts et al., 2013; Volk et al., 2010 Volk et al., , 2013 Windham et al., 2006] . Other studies have examined the relationship between ASD and criteria air pollutant exposures capitalizing on the EPA's Air Quality Monitoring network to evaluate the effects of particles (both less than 10 and less than 2.5 microns in diameter (PM 10 ), (PM 2.5 )), and nitrogen dioxide (NO 2 ), and ozone. Associations have been reported between increased exposure to both PM10 and PM2.5 [Becerra et al., 2013; Kalkbrenner et al., 2015; Raz et al., 2014; Volk et al., 2013] , and NO 2 [Becerra et al., 2013; Volk et al., 2013] , further supporting a relationship between ASD and air pollutant exposure. Results from Asia demonstrate associations [Jung, Lin, & Hwang, 2013] , while findings from Europe, in contrast, have not shown associations with ASD [Gong et al., 2014] .
Other factors may help prevent ASD. Periconceptional folic acid supplements are known to prevent up to 70% of neural tube defects [MRC Vitamin Study Research Group, 1991] , and have been associated with decreased childhood behavioral problems [Roza et al., 2010] , hyperactivity and peer problems [Schlotz et al., 2009] , and improved scores on neurodevelopmental measures, including social competence, attention, verbal, and verbal-executive function [Julvez et al., 2009] . Additionally, we, and others, have shown that mothers reporting the use of a prenatal supplement or folic acid supplement near conception had decreased risk of having a child with ASD [Braun et al., 2014; Raghavan, Fallin, & Wang, 2016; Schmidt et al., 2012; Sur en et al., 2013] . However, not all studies have observed this association [Virk et al., 2015] . Other studies did not find a statistically significant association between serum folate and ASD after adjusting for confounders [Braun et al., 2014; Steenweg-de Graaff, Ghassabian, Jaddoe, Tiemeier, & Roza, 2015] . The discrepancy of these results suggests that specific timing and dose of folate during pregnancy may alter risk of ASD. In the United States, it is recommended that women consume at least 600 lg of folic acid during pregnancy [National Institutes of Health, 2016] . Most prenatal vitamins contain 800 lg of folic acid or more.
In CHARGE we have observed both that increasing folate intake during the two months prior or the first month of pregnancy decreases risk of ASD and that increasing exposure to air pollution during pregnancy increases risk of ASD [Schmidt et al., 2012; Volk et al., 2010 Volk et al., , 2013 . The mechanism by which folic acid supplementation protects neurodevelopment remains unclear, however, given that folate serves as a primary methyl-donor, DNA methylation pathways have been proposed and supported by several lines of evidence [Cooney, Dave, & Wolff, 2002; Gardiki-Kouidou & Seller, 2008; Heijmans et al., 2008; Reik & Walter, 2001; Shaw, Carmichael, Yang, Selvin, & Schaffer, 2004; Steegers-Theunissen et al., 2009; Wolff, Kodell, Moore, & Cooney, 1998 ]. It has also been shown that exposure to higher ambient levels of traffic particles can decrease DNA methylation [Baccarelli et al., 2009] . Therefore, we hypothesized that supplemental folic acid may attenuate neurodevelopmental effects of air pollution by increasing the levels of methylation, thereby reducing the risk of ASD. In this study, we investigated the joint effects of maternal-reported folic acid intake and prenatal air pollutant exposures on ASD risk.
Methods

Study Population
The Childhood Autism Risk from Genetics and the Environment (CHARGE) study is a large populationbased case-control study focusing on the association between environmental exposures, as well as their interactions with genes, and risk for ASD. As described previously [Hertz-Picciotto et al., 2006] , children were eligible if they were between the ages of 2 and 5 years, born in California, and currently living with at least one biologic parent in the catchment areas of a specified list of regional centers (RCs) in California. RCs are private nonprofit corporations that contract with the California Department of Developmental Services (DDS) to coordinate or provide services for individuals with developmental disabilities.
Children with autism and developmental delay (DD) were identified through RCs that contract with DDS to determine eligibility. General population controls were identified from state birth files and were frequencymatched to the autism cases by age, sex, and broad residential RC catchment area distribution. All births were between 1997 and 2008.
As described previously [Hertz-Picciotto et al., 2006] , children with a DDS diagnosis of autism were evaluated using the Autism Diagnostic Observation ScheduleGeneric (ADOS) [Lord et al., 2000] and parents were administered the Autism Diagnostic Interview-Revised (ADI-R) [Lord, Rutter, & Le Couteur, 1994] to confirm the child's diagnostic group. In the children recruited from the general population or those with developmental delays, the Social Communication Questionnaire (SCQ) was used to screen for autism, with a cut-off score of 15; any children scoring above this point were administered the ADOS and ADI-R. Children sampled from the general population were defined as typically developing (TD) controls if they received a score 15 on the SCQ and scored in the normal range on the Mullen Scales of Early Learning and Vineland Adaptive Behavior Scales, thereby showing no evidence of other types of delay (cognitive or adaptive).
Assessments were conducted in English or Spanish at the Medical Investigation of Neurodevelopmental Disorders (M.I.N.D.) Institute by trained research-reliable staff. Final autism case status was defined as scoring at or above the total cut off for autistic disorder on the ADOS Module 1 or 2, and meeting criteria on the Communication, Social, and Repetitive Behavior domains of the ADI-R. Autism spectrum disorder was defined using the ASD2 criteria of Risi et al.
A total of 856 CHARGE subjects (510 cases meeting either autism or ASD ((348) autism, (162) ASD) and 346 TD controls) were eligible for study. Scoring methods for the ADOS for the 90 Southern California participants were not consistent with methods used for the rest of the population; therefore, they were excluded from analysis. This results in a final sample of 297 autism and 143 ASD cases and 326 TD controls eligible here.
Quantification of Nutrient Intake
As reported previously [Schmidt et al., 2012] , mothers were asked, via telephone interviews, if they had consumed multivitamins, prenatal vitamins, nutrientspecific vitamins, cereals (i.e., breakfast cereals, granolas, and hot cereals), and other supplements (i.e., breakfast shakes and protein bars), for the index period, defined as 3 months before conception through the end of breastfeeding. A total value of folic acid intake was calculated for each woman for each month of the index period, based on whether she reported consuming each supplement for each month, the reported brands, dose, and frequency of consumption of each product (reported for the entire period) as described previously [Schmidt et al., 2012] . Using the manufacturer's label or data from the USDA National Nutrient Database for Standard Reference (U S Dept Agriculture, 2010) , amounts of folic acid (and other nutrients) were assigned to each brand or product. We focused on maternal folic acid intake reported for the first month of pregnancy, given this was the critical period of interest previously [Schmidt et al., 2012] . Folic acid intake during the first pregnancy month was available on 442 children with ASD and 288 TD controls.
Air Pollution Exposure Assessment
In telephone interviews, parents were asked for their residential history (including addresses and dates lived at each location) beginning 3 months before conception and extending to the most recent place of residence. Using this information and the conception date for each child, based on gestational age from ultrasonographic measurements or the date of last menstrual period as determined from prenatal records, air pollution exposure values were assigned for each trimester of pregnancy, and an all pregnancy average [described previously in Volk et al., 2013] . When more than 1 address fell into a time interval, we created a weighted average to reflect the exposure level of the participant across the time of interest, taking into account changes in residence.
Addresses were geo-coded using the Tele Atlas database and software (Tele Atlas, Inc., Boston, CA, www. na.teleatlas.com). The CALINE4 line-source air quality dispersion model was used to obtain model-based estimates of average exposure to near roadway air pollution (NRP) [Benson, 1992] . NRP was assigned based on the required inputs reflecting change in each address over the study period. The CALINE4 model uses roadway geometry, link-based traffic volumes, vehicle emission rates, wind speed and direction, atmospheric stability, and mixing heights to estimate average concentrations for the specific locations and time periods examined. Roadway geometry data and annual average daily traffic counts were obtained from Tele Atlas/Geographic Data Technology in 2005, and represent traffic counts collected between 1995 and 2000. Counts were scaled for our specific years of interest based on estimated growth in county average vehicle-miles-traveled. Meteorological data from 56 local monitoring stations were matched to the dates and locations of interest. It should be noted that we used this NRP model to estimate nitrogen oxides (NOx), but that these model-based concentrations should be viewed as an indicator of the estimated near-roadway pollutant mixture rather than of effects of NOx or any other specific pollutant.
Criteria air pollutant measures (i.e., PM 2.5 , PM 10 , ozone, and NO 2 ) were assigned using the United States Environmental Protection Agency's (EPA) Air Quality System data (http://www.epa.gov/ttn/airs/airsaqs) supplemented by University of Southern California Children's Health Study data for 1997 through 2009 [Alcorn & Lurmann, 2003] . Monthly measurements from up to four monitoring stations located within 50 km of each residence were used to assess average exposure based on spatial interpolation of ambient concentrations via inverse distance-squared weighting. If one or more stations were located within 5 km of a residence, only data from those stations were used. For ozone, we used the average range of measurements from 1000 to 1800 hr (reflecting the high 8-hr daytime) while the measurements for the other three pollutants correspond to daily (24 hr average) collection.
Statistical Analyses
Unconditional logistic regression was used to evaluate the primary associations between all potential confounders, air pollutant variables, folate intake, and the risk of ASD. We evaluated potential confounders by adding them to the primary model and we retained covariates causing a 10% or greater change in the estimated log of the exposure odds ratio. All variables in Table 1 were assessed for confounding. Additionally, we examined if calculated values of other available nutrients were confounders of this relationship due to their correlated nature with folic acid. Final models were adjusted for self-reported financial hardship between the 3 months before pregnancy to the time of interview (defined as a time when it was hard to pay for basic needs like food, housing, medical care, and heating and reported (yes/no)), child's year of birth, vitamin A and zinc intake during the first month of pregnancy. We obtained 95% confidence intervals (CIs) as measures of precision and determined statistical significance for associations using an alpha level of 0.05. Analyses were conducted using Stata Version 13 (StataCorp, College Station, TX). The institutional review boards of the University of Southern California and the University of California, Davis, approved the research.
For the purpose of this analysis, average total daily folic acid intake for the first month of pregnancy was dichotomized at 800 lg that was similar to the median intake for the controls (801.74 lg). We classified subjects with folic acid above 800 lg as having "high" folic acid intake and those at or below 800 lg as "low" folic acid intake.
In models where air pollution was treated as a continuous variable, values above the upper 2.5% and below the lower 2.5% of each air pollutant were recoded to equal the value associated with the upper and lower 2.5 percentile, respectively, to reduce the influence of extreme values for continuous air pollution models. For reparameterized models, all air pollutants were dichotomized at the median, based on the total pregnancy period (NRP 5 15.58 ppb; NO 2 5 14.18 ppb; PM 10 5 22.88 lg/cm 3 ; PM 2.5 5 12.40 lg/cm 3 ; Ozone 5 33.41 lg/cm 3 ). Values above the median were considered "high" exposure levels and values at or below the median were considered "low" exposure levels.
We first tested for a statistical multiplicative interaction between air pollution (as a continuous variable) and folic acid intake (less than or equal to 800 lg vs greater than 800 lg) comparing logistic regression models with and without a multiplicative term of both exposures. A likelihood ratio P-value of less than 0.10, for the addition of the multiplicative term, was considered significant evidence for an interaction. Effect estimates were scaled to twice the standard deviation of the distribution for all pregnancy period estimates.
Subjects were also reparameterized into one of four groups based on both air pollution exposure and folic acid intake: low air pollution and high folic acid intake (referent group); low air pollution and low folic acid intake; high air pollution and high folic acid intake; high air pollution and low folic acid intake. These reparameterized variables were then used in an unconditional multivariate logistic regression model to assess the combined risk of air pollution and nutrient intake on the risk of autism. All models were fitted separately for each of several time periods (i.e., first trimester, second trimester, third trimester, and whole pregnancy period). First trimester air pollution exposure was of primary interest given the early timing of the folic acid intake periconceptional critical window of interest. Additional analyses were performed evaluating the reparameterized joint effects of both air pollution exposure and folic acid intake in which each air pollutant was dichotomized at the 75th percentile.
Expected joint effects under an additive model were calculated by adding the ORs of the groups with only one exposure and subtracting 1. Expected joint effects under a multiplicative model were calculated by multiplying the ORs of the groups with only one exposure. The relative excess risk due to interaction (RERI), the attributable proportion (AP) due to interaction, and their P-values were calculated using the "ic" package in Stata Version 13 [Andersson, Alfredsson, K€ allberg, Zdravkovic, & Ahlbom, 2005; Hosmer & Lemeshow, 1992] .
Results
Participant Characteristics
Of 766 enrolled children who were eligible for the study and whose mothers were interviewed by November 2011 (when the interview was revised) (326 TD controls and 440 ASD cases), 51 lacked complete data on air pollution exposure, 112 were missing data on periconceptional folic acid intake. In addition, one person was missing data on periconceptional vitamin A and one person was missing data on periconceptional zinc intake. This resulted in complete data from 606 subjects (346 case and 260 controls), and all analyses included these subjects. All demographic characteristics of the 160 subjects that were missing exposure data were similar to the 606 subjects with complete data, with the exception of child's year of birth and mother's age ( 35 years or < 35 years) ( Table S1 ).
The majority of the children in our study were male (84%), and non-Hispanic white (52%) ( Table 1) . Given delayed enrollment of controls, cases and controls differed statistically on year of birth, where TD children were more likely to be born in later birth years than ASD children. Families of TD children were more likely to own their residence at time of study participation and their mothers were more likely to be born in the US than ASD children, while families of ASD children were more likely to report financial hardship during the index period.
Distribution of Exposures
Mothers of TD children were more likely to have taken prenatal vitamins during the 3 months before conception or the first month of pregnancy, and took a higher amount folic acid in the first month of pregnancy than mothers of ASD children (Table 1 ). Folic acid intake had a moderate to high correlation with all other nutrients except Vitamin B12 (Table S2 ). Folic acid, vitamin C, vitamin E, and vitamin B6 had different median values across ASD cases and controls.
The distribution of near roadway air pollution was relatively constant across trimesters of pregnancy (Figure S1 ). Near roadway air pollution, during both the first trimester and the whole pregnancy period, was highly correlated with nitrogen dioxide, moderately correlated with PM 2.5 and PM 10 , and inversely correlated with ozone. Among the regional pollutant measures, nitrogen dioxide, PM 2.5 , and PM 10 were all highly correlated for both time periods. Correlations with ozone were low to moderate and often negative, demonstrating an inverse relationship (Table S3) . Increasing exposure to NO 2 , PM 10 , PM 2.5 , and ozone during pregnancy was associated with increased ASD risk (Table  S4 ). Increased ASD risk was also seen when comparing high ( median value) exposure to low (<median) exposure for NRP and NO 2 during pregnancy (Table  S4) .
Joint Effects of Air Pollutants and Periconceptional Folic Acid Intake
We found elevated, though non-statistically significant, risk for ASD among mothers with increasing NRP, NO 2 , PM 10 , and PM 2.5 exposure in the first trimester when there was also low periconceptional folic acid intake (Table 2 ). In contrast, ASD risk for increasing air pollutant exposure among mothers with high periconceptional folic acid intake was near null or protective. For example, increasing NO 2 among mothers with high periconceptional folic acid was associated with ASD in a protective direction (OR 5 0.74, 95% Confidence Interval (CI) (0.46-1.19), while increasing NO 2 among the low periconceptional folate group was associated with an increased risk of ASD (OR 5 1.53, 95% CI (0.91-2.56) though these associations did not reach statistical significance after adjustment. Notably, a statistically significant multiplicative interaction between NO 2 during the first trimester and periconceptional folic acid intake was identified (P 5 0.039) ( Table 2 ). Similar findings were observed when air pollution exposures were averaged across all of pregnancy, or examined for specific trimesters (Table S5) . When using reparameterized models including both dichotomous air pollutant and folic acid, we found that the mothers exposed to higher levels of NRP, NO 2 , PM 10 , and PM 2.5 during the first trimester of pregnancy and who reported low periconceptional folic acid intake were at a higher risk of ASD compared to those mothers exposed to lower levels of the same air pollutant and who reported high periconceptional folic acid intake (Table 3) . For example, high NO 2 exposure and low folic acid intake was associated with an increased, though non-statistically significant ASD risk (1.38 (0.69, 2.75)) while high NO 2 and high folic acid intake showed protective effects (0.71 (0.44, 1.12)), both as compared to subjects with low NO 2 exposure and high folic acid. Paradoxically, an increased ASD risk was also seen among subjects with low PM 2.5 (1.56 (1.03, 2.38)) and ozone (1.54 (0.99, 2.40)) exposure as well as low folic acid. This same pattern of effects was present, but did not maintain statistical significance after adjustment. Additionally, for adjusted models, the odds ratios were higher than would be expected assuming additive or multiplicative interaction for NRP, NO 2 , PM 10 , and ozone (Table 3) . Only for NRP and NO 2 did these effects indicate a significant departure from expected interaction (P < 0.10). Results were consistent for the air pollution exposure during pregnancy (Table S6) , second (Table S7 ) and the third trimester (Table S8) .
To determine if our findings were sensitive to categorization of air pollution exposure we examined the joint effects of folic acid intake and each air pollutant dichotomized at the 75th percentile. These models produced similar results for NRP, NO 2 , and PM 10 for the first trimester. Increased ASD risk was seen for the high air pollutant/low folic acid group for all pollutants in unadjusted models, and for subjects with low ozone exposure as well as low folic acid. However, these associations did not remain statistically significant after adjustment (Table S9 ). These adjusted joint effects were greater than expected additive and multiplicative interaction effects for all pollutants but ozone, and significant departures from additivity and multiplicativity were observed for NRP, as well as suggestions of departure from additivity for NO 2 . During the whole pregnancy period, the high air pollution exposure/low folic acid group was at increased ASD risk in unadjusted models. An increased ASD risk was also seen among subjects with low PM 2.5 exposure as well as low folic acid. These results did not maintain statistical significance after adjustment. However, adjusted joint effects were greater than expected for both additive and multiplicative interactions for all pollutants except PM 2.5 , though none demonstrated statistically significant departures (Table S9 ).
Discussion
Our study examined the joint effects of perinatal folic acid intake and prenatal air pollution exposure, drawing on the rich exposure data at developmentally relevant time-points in the CHARGE study. Our results suggest that the associated risk of having a child with ASD may be attenuated in mothers exposed to high levels of air pollution (2 SD increase or above median levels of NRP, NO 2 , PM 10 , or PM 2.5 ) during the first trimester, if their reported folic acid during the first month of pregnancy was above 800 lg. Specifically, it Abbreviations: ASD, autism spectrum disorder; FA, folic acid; NRP, near roadway air pollution; NO 2, nitrogen dioxide; PM 2.5 , particulate matter < 2.5 lm; PM 10 , particulate matter < 10 lm.
a Folic acid intake is dichotomized at 800 lg (high vs. low) and includes all folic acid intake during the first month of pregnancy.
b Air pollution effects reflect odds of autism based on 2 SDs from the mean value, for each pollutant at each time period, as reflected in Supplemental Figure. c Model was adjusted for self-reported financial hardship between 3 months before pregnancy to time of interview (yes/no), child's year of birth, vitamin A and zinc intake during the first month of pregnancy.
appears that the increased ASD risk from NO 2 may be attenuated by increased periconceptional folic acid. It is important to note that while the risk for ASD associated with high air pollution levels is attenuated among mothers with high folic acid in the first month of pregnancy, only two models showed statistical evidence for interaction and none of our re-parameterized effects reached statistical significance. As such these findings, while provocative, may be due to chance.
While the qualitative directions of effect we see here broadly suggest the potential for interaction, our sample size to test this hypothesis was limited likely resulting in imprecise estimates of effect. For reparameterized models it is difficult to determine if the associations with ASD presented here are truly different across exposure groups. We suggest these be interpreted as a set of estimates, rather than a single stratum, and in light of tests of departures from expected joint multiplicative and additive effects.
In this context, we interpret individual group comparisons with caution. For some pollutants, high exposure to air pollution (for example NRP, ozone, and NO 2 ), together with higher folic acid, show associations with ASD in the protective direction. While surprising that increasing air pollution exposure may show a protective association with ASD risk, these estimates may reflect imprecise statistical estimation or lack of association. They might also suggest that air pollution, particularly those pollutants mostly likely to induce oxidative stress and folic acid together operate in susceptible subgroups of individuals where the protective effect of folic acid might swamp any deleterious effect of air pollution given that the joint effects for high air pollutant exposure and low folic acid show an elevated ASD risk. We also find that low air pollution exposure (for example PM 2.5 ) and low folic acid are associated with positive ORs. In this stratum ASD risk may perhaps be best explained by additional factors unexamined here.
Child's year of birth was added to all models because it substantially changed the magnitude of the primary association between NRP and ASD. Confounding by year of birth is likely an artifact of differential enrollment, because cases and controls were frequency matched on age, not year of birth, and enrollment of controls was delayed compared to enrollment of cases. In fact, children with later birth years were more likely Abbreviations: ASD, autism spectrum disorder; FA, folic acid; NRP, near roadway air pollution; NO 2, nitrogen dioxide; PM 2.5 , particulate matter < 2.5 lm; PM 10 , particulate matter < 10 lm.
a Folic acid intake is dichotomized at 800 lg (high vs. low) and includes all folic acid intake during the first month of pregnancy. b All pollutants were dichotomized at their whole pregnancy period median (high vs low) (NRP 5 15.58 ppb; NO 2 5 14.18 ppb; PM 10 5 22.88 lg/cm 3 ; PM 2.5 5 12.40 lg/cm 3 ; Ozone 5 33.41 lg/cm 3 ). c Model was adjusted for self-reported financial hardship between 3 months before pregnancy to time of interview (yes/no), child's year of birth, vitamin A and zinc intake during the first month of pregnancy.
to be a control, in contrast to the fact that ASD has been reportedly increasing over time. While cases and controls were similar for many characteristics, they did differ based on home ownership, self-report financial hardship, and maternal birthplace. These variables were included as potential confounders in our analysis as they may relate to air pollution exposure levels or prenatal folic acid intake as they reflect socio-economic status, which might reflect residential location and hence air pollution exposure level, or access to prenatal care. We believe that failure to account for such factors could have exacerbated estimates of association in this sample away from the null.
Effect modification of periconceptional folic acid intake on prenatal air pollution exposure was notably observed in air pollution exposures in the first trimester of pregnancy. Given that the half-life of folate in the body is 100 days [Nijhout, Reed, Budu, & Ulrich, 2004] and the moderate to high correlations of our air pollution exposure assignments over time, it is reasonable to hypothesize that these measures may overlap in time beyond the first trimester of pregnancy. This is also congruent with the most critical time period for expectant mothers to be taking high amounts of folic acid (>600 lg/day), near and before conception for neural tube defects (NTDs) and potentially ASD protection [Centers for Disease Control (CDC), 1991; Schmidt et al., 2012] . This also overlaps with previous findings suggesting that the association between folic acid and reduced ASD is primarily near conception [Schmidt et al., 2012 [Schmidt et al., , 2011 Sur en et al., 2013] and other studies providing evidence for early pregnancy origins of ASD Rodier, Ingram, Tisdale, Nelson, & Romano, 1996; . However, we caution that it is difficult to evaluate potential protection of this recommended folic acid level in the context of air pollution exposure effects on health as no data on this topic exist to our knowledge and only one folic acid categorization was examined here.
Air pollutants have been shown to induce oxidative stress in in vitro studies, animal studies, and epidemiologic studies [Ghio, Carraway, & Madden, 2012; Kelly, 2003; Risom, Møller, & Loft, 2005] . Additionally, studies have shown that children with ASD, and their mothers, have increased oxidative stress compared to controls [James et al., 2004 [James et al., , 2008 . Because folic acid exhibits antioxidant properties and corrects conditions of oxidative stress [Joshi, Adhikari, Patro, Chattopadhyay, & Mukherjee, 2001 ], this could also explain the attenuated risk of ASD in mothers whose periconceptional folic acid intake was above 800 lg.
Folic acid has been shown to protect against the harmful developmental and reproductive effects exhibited by other environmental toxins, including bisphenol A (BPA) [Dolinoy, Huang, & Jirtle, 2007] and methomyl insecticide [Shalaby, Zorba, & Ziada, 2010] in animal studies, and pesticides [Ouyang et al., 2014] and arsenic [Gamble et al., 2006; Peters et al., 2016] in human studies. DNA methylation was demonstrated as the mechanism behind the protection for BPA [Dolinoy et al., 2007] , and was proposed for methomyl insecticide [Shalaby et al., 2010] and arsenic ] Howe et al., 2014; Lambrou et al., 2012; Tsang et al., 2012] . Exposure to higher ambient levels of traffic particles can decrease DNA methylation [Baccarelli et al., 2009] . Furthermore, children with autism and their parents have been shown to have genome-wide DNA hypomethylation [James et al., 2004 [James et al., , 2008 [James et al., , 2010 . It is possible that the attenuation of risk observed in this study was a result of increased methylation due to the higher levels of folate, thereby reducing the neurodevelopmental effects of air pollution. A recent crossover study of 10 adults showed changes in DNA methylation in 10 loci following two hours of controlled PM2.5 exposure. These changes were not observed in the same 10 loci when PM2.5 exposure followed 4 weeks of B vitamin supplementation, including high doses of folic acid (2.5 mg/d) and vitamin B6 (50 mg/d) (Zhong et al., 2017) .
Although we controlled for multiple socioeconomic factors, our results could also be affected by unmeasured confounding factors associated with autism, exposure to air pollutants, and folic acid supplementation. These factors might include lifestyle or other residential exposures. We have also not explored indoor sources of pollution, such as indoor nitrogen oxide or secondhand tobacco smoke. In addition, there could be residual confounding if proximity to diagnosing physicians or treatment centers was also associated with the exposures. We cannot also rule out the possibility that our limited sample size has affected the precision associated with our estimates of effect.
Previous air pollution analyses in CHARGE categorized all air pollutants using quartiles [Volk et al., 2013] . Due to limited power when looking at combined effects of air pollution and folic acid, we categorized air pollutants instead using a median split to increase analytic power. In supplemental analysis, we examined the joint effects of FA and each air pollutant dichotomized that the 75 th percentile. Though many of the results were similar, it should be noted that different thresholds with more extreme exposures might be needed in further analyses for some pollutants due to varying manifestation of biological effects. Additionally, the number of subjects included in this sample differed slightly from previous CHARGE publications and includes both autism and ASD in the case definition, where previous papers focused on autism alone. Additionally, this analysis includes only subjects from the middle range of CHARGE birth years that may limit the range of potential exposures in when air pollution is examined continuously. Due to the retrospective reporting of vitamin and supplement information in this study, in which mothers were asked about a period several years before the interview and after the child's developmental status was known, there is a potential for recall bias. However, our previous study suggested that findings were not likely to be entirely due to recall bias for folic acid and ASD [Schmidt et al., 2012] . Though differential recall bias cannot be ruled out, we are examining the joint effects of folic acid intake with air pollution. Therefore, in order for recall bias to be present in this study, recall differences between cases and controls would have to have occurred primarily in those with high air pollution exposure.
Our findings suggest that taking 800 lg of supplemental folic acid (about the amount in a typical prenatal vitamin) in the first month of pregnancy may reduce the child's susceptibility for ASD if the mother is living in a highly polluted area. However, this was not the case for every air pollutant in every pregnancy period, nor did it reduce associated risk completely. Replication of these analyses in samples with improved statistical power is needed to determine if our findings reflect an important potential to modify ASD risk or are due to chance. Future research should also seek to enhance understanding of the mechanisms behind any effect modification of folic acid and air pollution exposure on ASD, especially in studies with prospectively collected diet and supplement data and/or biomarkers.
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